Blouin JS, Walsh LD, Nickolls P, Gandevia SC. High-frequency submaximal stimulation over muscle evokes centrally generated forces in human upper limb skeletal muscles.
MOVEMENTS REQUIRE CRITICAL regulation of the motoneurons. Motoneurons may discharge in a linear fashion, with firing frequency proportional to the sum of their inputs (11, 19, 30, 45) . However, there is growing evidence that mammalian motoneurons exhibit nonlinearities in summation of descending and reflex inputs regulating their firing pattern. One striking example is the development of plateau potentials in motoneurons. Through persistent inward currents, the relationship between input current and firing frequency becomes nonlinear and motoneurons can sustain firing for prolonged periods, outlasting any excitatory inputs (3, 27, 35, 44, 46, 48) . Because it is not feasible to perform intracellular motoneurons recordings in able-bodied humans, there is only indirect evidence suggesting the presence of sustained motoneuron firing associated with plateau potentials in humans (8, 9, 16, 18, 26, 31, 41, 43; for review see 42) .
One technique frequently used to elicit sustained muscle contractions in humans is through high-frequency trains of electrical stimuli (1, 8, 9, 33, 41) . High-frequency (100-Hz) burst of electrical stimulation can reliably induce enhanced contractions in lower limb muscles of able-bodied and some spinal cord-injured subjects (9, 41) . These enhanced contractions in lower limb muscles are thought to be an effective mechanism to perform large muscle contractions or maintain tonic activity associated with postural tasks (22) . Monosynaptic Ia connectivity to homonymous motoneurons has been identified as an important factor contributing to the development of enhanced force in the soleus in response to highfrequency stimulation (33) . The use of wide pulse (typically 1 ms) during the high-frequency electrical stimulation over the skin surface will likely stimulate a variety of skin and muscle receptors, including nociceptors. Hence, the emphasis given to the possible role of Ia afferents in the generation of the enhanced force of central origin in response to high-frequency trains may not be justified. Two main questions arise about the enhanced forces observed following high-frequency stimulation: 1) are high-frequency trains equally effective in upper limb muscles involved in fine motor control because enhanced muscle contractions are considered advantageous for forceful or sustained postural contractions (22) ? and 2) are strong homonymous monosynaptic Ia connections a prerequisite for the development of these enhanced forces ? Enhanced force has been observed in wrist flexor muscles following high-frequency trains of electrical stimuli (1), but it is unclear what portion of the increased force was of central origin. Wrist flexor muscles exhibit strong Ia monosynaptic connections that may have contributed to the observed enhanced forces (14, 29) , lending indirect support for the potential role of Ia monosynaptic connections for the development of enhanced contractions (33) . To address our main questions, we investigated the presence of enhanced torques elicited by high-frequency trains in two upper limb muscles: the biceps brachii and flexor pollicis longus (FPL). FPL was chosen because it is not present in other primates (47, 49) and it is the only muscle to flex the distal joint of the thumb. Its other special properties include weak homonymous Ia projections (28) , a high proportion of motor units producing very small forces (50) , and a high capacity to produce precise forces voli-tionally (32) . These features make FPL the ideal muscle to determine whether motoneurons controlling "fine musculature" can develop sustained muscle contractions and whether strong Ia monosynaptic connectivity is a prerequisite for the development of enhanced forces of central origin. To compare the responses evoked in FPL with other upper limb muscles, we studied biceps brachii because it has strong Ia monosynaptic reflexes (15) and is a readily accessible elbow flexor.
METHODS
Two muscles, biceps brachii and FPL, were stimulated with the same patterns of electrical stimulation. Nine healthy subjects (6 males, 3 females) ranging in age from 24 to 36 yr participated in two experiments. Two of these subjects participated in a third experiment in which the radial and median nerves were blocked simultaneously. Subjects gave written informed consent before the experiments, and the procedures were approved by the University of New South Wales Human Research Ethics Committee. For all experiments, subjects were comfortably seated, and they were required to remain awake and relaxed throughout the study.
General procedures. For studies of biceps, subjects were seated with the right arm supported in a horizontal isometric myograph with the axis of rotation aligned with the elbow joint. The angle of the elbow was ϳ170°with the upper arm at ϳ90°to the torso. The wrist was strapped to the myograph, and the device was restrained by a load cell (Xtran, Applied Measurements, Victoria, Australia), which measured torque around the elbow. Circular electrodes for surface stimulation were placed with the cathode over the motor point and the anode near the distal tendon. The cathode was cut from an electrosurgical plate (3M, Sydney, Australia) to 35-40 mm in diameter, and the anode was 20 mm in diameter (ClearTrace, Utica, NY).
For studies of FPL, subjects were seated with the elbow and forearm supported on a padded table. Subjects loosely grasped a vertical pillar (65-mm diameter) with their right hand. The distal phalanx of the thumb rested on a metal ring positioned on top of the cylinder with the metacarpophalangeal and proximal interphalangeal joints slightly flexed (Fig. 1) . The ring was restrained by a load cell that measured force. Torque produced by the FPL was estimated by multiplying the recorded force by the measured moment arm in all subjects (estimated by measuring the perpendicular distance between the load cell and the first interphalangeal joint; 11 Ϯ 1 mm). Metal rods were adjusted on both sides of the thumb to prevent adductionabduction while the metacarpophalangeal joint was fixed to the cylinder using an adjustable padded screw. Movements at the wrist were prevented using a horizontal padded bar. This arrangement restrained motion of the thumb to the distal joint in the vertical plane and prevented reaction forces between the thumb and fingers associated with finger flexion. The circular cathode (25-30 mm in diameter) was cut from an electrosurgical plate and placed over the motor point of FPL, which was determined from surface stimulation. The anode (20-mm diameter) was placed 30 -40 mm distal to the cathode along the muscle. This procedure ensured a good contraction of FPL with minimal activation of nearby muscles, although a small amount of finger flexion was unavoidable. The contraction of other fingers, however, did not alter the measurement of the force applied by the thumb because the line of action of the finger force was orthogonal to that of the thumb.
Before stimulation, subjects performed three maximal voluntary contractions (MVCs) with the relevant muscle. Subjects received verbal encouragement, and the peak torque in the three efforts was taken as the maximum.
Stimulation protocol. Electrical stimulation was delivered by a constant-current stimulator (DS7A Stimulator, Digitimer, Welwyn Garden City, Hertfordshire, UK). The timing of the output pulses was triggered by a Power 1401 (Cambridge Electronic Design, Cambridge, UK) driven by a computer running Spike 2 software (Cambridge Electronic Design).
The patterns of stimulation were similar to those used in previous studies (1, 8, 9, 41) . In the first pattern, there was a 3-s "100-Hz burst" in a 7-s stimulation train. In this train, the frequency was 20 Hz for 2 s before and after the high-frequency burst. In the second pattern a "triangle" of increasing then decreasing frequency was delivered over 7.8 s. This frequency varied from 4 to 100 Hz. Pulses were rectangular with a width of 1 ms. To set the intensities of stimulation, brief trains of five pulses at 100 Hz were delivered. The maximal stimulus intensity (current amplitude) was chosen as the highest intensity that did not cause pain but elicited a torque of at least 10% MVC for biceps or 5% for FPL. The target force for FPL was smaller than for biceps to avoid pain associated with high currents due to the position of the stimulation electrodes over a more sensitive skin region. The minimal intensity was defined as the minimal current that elicited a measurable torque change. The difference between these intensities was divided into five equally spaced levels in which level 1 was the lowest and level 5 the highest intensity.
To ensure that subjects exhibited a stable response to the trains of electrical stimuli, they were exposed to 15 consecutive 100-Hz bursts at intensity level 3 interspersed with brief trains of 5 pulses at 100 Hz at the same intensity. There was an interval of 15 s between trains with 100-Hz bursts to ensure that the torques came back to baseline levels and that subjects were relaxed. Following a progressive increase in development of the extra torque for both muscles, we observed a stable behavior after 5-10 100-Hz burst trains (data not shown).
After this period of familiarization with the protocol, each type of train (100-Hz burst or triangle) was repeated five times at each of the intensities with 15-s intervals between each train. The levels were given in order of increasing intensity. The stability of the subject's reaction to the stimulation was ensured during the experiment by monitoring the force developed following a brief train of five pulses at 100 Hz given 7.5 s before the long-stimulus trains (100-Hz burst or triangle; data not shown). These trains of five pulses at 100 Hz were delivered at the same intensity as the long train that followed it.
Studies during nerve blocks. To separate the component of the evoked torques that resulted from direct stimulation of motor axons and that which resulted from activation of spinal motoneurons, we studied responses to three of the five levels of stimulation for both 100-Hz burst and triangle stimulation before and during complete blocks of the median nerve branch innervating FPL and the radial nerve. This was produced by injection of local anesthetic. The timing of the stimuli was identical to that in the main study. The subject's arm remained in the myograph throughout the study, including during the application of the blocks. Because surface stimulation over FPL may inadvertently activate some radially innervated muscles acting on the thumb, we also blocked the radial nerve in the same session. The sequence was as follows: after the control responses were measured, the radial nerve was blocked at the midhumerus level. The injection site had been localized by prior surface stimulation. As this block developed (over ϳ15 min), the median nerve was blocked 2-4 cm below the elbow at a site that had also been previously identified. Location of the injecting needle was assisted by stimulating through it. About 4 ml of local anesthetic (lidocaine 2% with 1:200,000 epinephrine) was used for the radial block and 5-7 ml for the median block. By 20 min after the second injection, both blocks were clinically complete. There was no torque recorded to maximal voluntary efforts to flex or extend the distal phalanx of the thumb, and sensation in the distribution of median and radial nerves was abolished. The complete nerve blocks of the median and radial nerves ensured that the subject could not voluntarily influence the thumb interphalangeal joint torque produced by the electrical activation of the FPL motor axons. The series of stimuli were repeated. At the end of the study, the arm was removed from the apparatus, and we confirmed that the blocks had remained clinically complete. Recovery occurred uneventfully ϳ2 h later.
Data reduction and analysis. All data were sampled at 100 Hz. The force signals were low-pass filtered at 40 Hz using a finite impulse response filter (Ϫ3dB at 41 Hz). "Extra" muscle torque was deemed to be present when the torque level was higher during the constant 20-Hz stimulation after the burst, compared with before the 100-Hz burst. For the triangle stimulus, extra torque was present if the torque was greater for a corresponding frequency when it was decreasing than when it was increasing. To quantify the extra torque and provide a reliable threshold measure for its onset, the following methods were used. For the 100-Hz burst stimulation, the integrals of the torque during the 20-Hz stimulation before and after the 100-Hz burst were calculated (Fig. 2) . For all results, the average torque was reported by dividing the integral of the torque by the duration of integration (referred to torque in subsequent text). To compare the amplitude of the enhanced contractions between the FPL and biceps brachii, the percentage change between these integrals was determined (see Fig. 6 ). To provide a more conservative estimation of the torque produced during the 20-Hz portions of 100-Hz burst stimulation protocol, we also calculated the integrals of the torque during the middle second during the 20-Hz stimulation before and after the period of 100-Hz pulses. Estimating the evoked torque using the middle second of the 20-Hz method minimizes the effects of time to increase force at stimulation onset and force decline after the end (or change in frequency) of the stimulation. The results for both methods of estimating the torque enhancements yielded identical estimation of the force enhancements triggered by the burst stimulation (albeit different absolute values); hence we subsequently elected to present only the values for the first method. For the triangle pattern of stimulation, the integrals of torque were measured from onset of stimulation to the peak frequency and from the peak to the end of the train (Fig. 2) . Again, to compare the amplitude of the enhanced contractions between the FPL and biceps brachii, the percent change was calculated (see Fig. 6 ). In addition, to quantify any sustained muscle contractions outlasting the stimulation period, the baseline torque levels were computed using 0.5-s integrals of the torque signals from 1 to 0.5 s before the stimulation trains and 0.5 to 1 s after the trains (Fig. 2) . Finally, we quantified the coefficient of variation of the developed torques for all stimulations to quantify the within-and betweensubject variability of the torques elicited by electrical stimuli.
Statistical analysis. A first set of analyses were performed to determine how the type (100-Hz burst or triangle) and level (5 intensities) of the stimulation train influenced the development of extra torque in each muscle. First, the torques generated during the initial (first 20 Hz or ascending stimulation frequency) and late (second 20 Hz or descending stimulation frequency) portion of the high-frequency trains were compared using independent three-way repeated-measures ANOVAs (early/late ϫ type ϫ level) for the FPL and biceps. Second, the baseline torques present before and after the high-frequency stimulation trains were compared with the same ANOVA model.
A second comparison was performed to determine whether one of the studied muscles (FPL or biceps) was preferentially activated by the high-frequency trains. For this comparison, we used the percent increased in torque to avoid any bias created by the larger torques developed by the biceps brachii. A single three-way repeated-measures ANOVA (muscle ϫ type ϫ level) was used.
For all analyses, the appropriate main effects and interaction between factors were decomposed a posteriori using an honestly significant difference Tukey test. All statistical analyses were performed using Statistica 6.1 (Statsoft, Tulsa, OK) and statistical significance was set at P Ͻ 0.05.
RESULTS
The presence of extra torque evoked during the trains of high-frequency electrical stimulation was observed in all subjects for both biceps and FPL responses to repeated trains of 100 Hz burst stimulation. muscles during stimulation at all stimulation intensities (Fig.  2) . The torques evoked after the high-frequency stimulation were repeatable within subjects for a level of stimulation (e.g., for subject illustrated in Fig. 2 , the coefficient of variation ranged from 0.02 to 0.60, being largest for level 1 due to the low torques evoked) but showed large variations between subjects (coefficient of variation ranging from 0.69 to 0.81). For some subjects, torques were observed in the 20-Hz period after the 100-Hz burst train, and in the period of descending stimulation frequency for the triangular train, despite the absence of measurable torque during the initial part of the stimulation train. For the 100-Hz burst trains, torque increased rapidly when the stimulation frequency changed from 20 to 100 Hz but remained higher than the initial torque when the frequency returned to 20 Hz. For the triangular trains, torque during the decreasing stimulation frequency was larger than during the increasing frequency. Torque generated by FPL was greater after the high-frequency stimulation than before for both types of stimulation (Fig. 3 , A and C; F ϭ 49.58, P Ͻ 0.001). The intensity of stimulation for a given stimulus type affected the torques developed by the FPL (significant interaction between the level of stimulation and the type of stimulation; F ϭ 12.69, P Ͻ 0.001). They were larger for the triangular pattern of stimulation than the 100-Hz burst trains for the third, fourth, and fifth highest level of stimulation (P values Ͻ 0.001). In addition, higher intensity stimulation induced linear increases in the torque generated by the FPL (P Ͻ 0.005). Biceps developed larger torques after the highfrequency stimulation for both types of trains at all but the weakest (level 1) intensity (Fig. 3, B and D ; significant 3-way interaction: P values Ͻ 0.01).
Torque persisting after the stimulation was also triggered by the high-frequency train, and both stimulus types triggered these persisting torques in both FPL and biceps. This was more apparent at the higher levels of stimulation (Fig. 3, E, F, G, and  H) . These persisting torques were small compared with the torques generated by the electrical stimuli. Persisting torques were observed in FPL for triangular stimulation at levels 2-5 ( Fig. 3G ; significant 3-way interaction: P values Ͻ 0.01). For biceps, the 100-Hz burst train elicited persisting torques for stimulus levels 4 and 5, and triangular trains elicited it for levels 3-5 (Fig. 3, F and H; significant 3-way interaction: P values Ͻ 0.01). show the responses of the biceps (mean Ϯ SE, n ϭ 9). The top panels (A, B, C, and D) show the torques observed during the initial (E) and final (F) parts of the high frequency. Note the larger torques observed after the high-frequency bursts for all stimulation intensities. The bottom panels (E, F, G, and H) illustrate the torques measured before (E) and after (F) the stimulation. The increase in baseline torque was predominantly observed for the highest stimulation intensities (levels 4 and 5).
Nerve blocks. The presence of enhanced, persistent torques induced by the high-frequency stimulation could result from a muscular process (such as of muscle potentiation) or from a neural mechanism involving the central nervous system. To distinguish between these possibilities, we studied FPL before and during complete radial and median nerve blocks of two subjects without moving the arm from the experimental apparatus. Together, these two nerve blocks completely deprived subjects of any voluntary flexion and extension of their thumb interphalangeal joint. Based on the site of the nerve block injections, the procedure resulted in complete loss of motor function of the FPL, and it also paralyzed extensor pollicis longus and brevis, abductor pollicis brevis and longus, extensor carpi radialis and ulnaris, exterior digitorum communis, extensor digiti minimi, extensor indicis, flexor digitorum superficialis (and parts of profundus), pronator quadratus, and opponens pollicis. Hence, any changes observed following the blocks cannot be attributed to the subjects inadvertently pushing or pulling on the apparatus. Before the blocks, both subjects exhibited large extra torques in FPL in the second 20-Hz period after the 100-Hz burst train and in the period of descending stimulation frequency for the triangular train (69 and 44% torque increase for the 100-Hz burst and triangular trains, respectively; Fig. 4 ). In addition, both subjects had persisting torques in the FPL for the triangular train, and one had small persisting torques for the 100-Hz burst train. The nerve blocks altered the response of the subjects to all three levels of high-frequency stimulation (Fig. 4) , all of which elicited measurable torques during the initial part of the stimulation trains. For the 100-Hz burst trains, both subjects did not exhibit any extra torque in the second 20-Hz period or any persisting torques after the end of the stimulation, even at the highest level of stimulation. On average, the torque decreased by 12% during the second 20-Hz stimulation. During the block, the triangular trains did not trigger large torque increases during descending frequency compared with ascending frequency (torque decreased on average by 5%). When blocked, torque generated by FPL during the ascending frequency increased as before the block until ϳ15 Hz (Fig. 5) . At frequencies Ͼ15 Hz, the torque developed by the FPL during the nerve blocks was much smaller and showed some fatigue (Fig. 4) . In addition, nerve blocks abolished the persisting torques triggered after triangular trains.
As illustrated in Fig. 4 , torque production in FPL was consistently smaller after the nerve blocks for most of the stimulation protocol. On average, torques generated before the high-frequency train were 55 and 56% smaller after the nerve blocks for the 100-Hz burst and triangular train, respectively (Fig. 4) . To control for this, one subject received a higher stimulus level (i.e., Ͼ5) that produced comparable initial torques to those observed for the level 5 stimulus before the block. Despite the larger torques induced by this stimulation, again no extra enhanced torque occurred for both types of stimulus train.
Other observations. There was no evidence that one of the muscles showed preferential development of extra torques during the high-frequency trains (Fig. 6) . For all stimulation intensities, the percent torque increase was similar for FPL and biceps brachii. No main effect of muscle (P Ͼ 0.6) or any interaction including the muscle term was found (P values Ͼ 0.9), indicating that motoneurons of both muscles responded similarly to the high-frequency stimulation trains despite their different connectivity with Ia afferents.
DISCUSSION
High-frequency electrical stimulation over the FPL and biceps evoked larger torques than can be attributed to direct activation of the motor axons. These extra torques (in absolute values: N⅐m) induced by the high-frequency trains increased with the stimulation intensity. During complete median and radial nerve blocks that prevented FPL muscle afferents and some cutaneous inputs (radial nerve afferents) from reaching the spinal cord, the muscle response to distal motor axon stimulation was predictable and showed no evidence of the extra torque enhancements. Thus the development of extra torque in the FPL was of central origin. The present results provide evidence that enhanced forces of central origin can be triggered in muscles primarily involved in fine motor control and that strong Ia monosynaptic connectivity is not a prerequisite for the development of these central forces.
Sensory afferents triggering the enhanced force of central origin. In soleus, monosynaptic Ia connectivity to homonymous motoneurons has been identified as an important factor contributing to the development of extra force (33). Klakowicz et al. (33) showed that the H reflex is depressed during the initial 20-Hz stimulation, but after the 100-Hz burst, the depression is lost, allowing the H reflex to contribute to the extra torque during the second 20-Hz interval. However, the large pulse width used during high-frequency stimulation over the skin surface will inevitably activate a mixture of muscle and skin afferents. To investigate whether strong Ia monosynaptic connections are required to elicit enhanced force of central origin, we studied FPL because, unlike soleus, FPL has weak homonymous Ia monosynaptic connections (28) . Despite this, extra torque was triggered in FPL by high-frequency trains, which disappeared after complete nerve blocks. In fact, the development of extra torques was similar for the biceps and FPL despite their different Ia monosynaptic connectivity. Furthermore, the enhanced torques had similar profiles to those in lower limb muscles (8, 9, 33) and wrist flexors (1) . The extra torque development in FPL shows that strong Ia monosynaptic projections are not required for the development of enhanced force of central origin (see Ref. 40) . Presumably, polysynaptic connections from muscle afferents to FPL motoneurons are important, along with a possible contribution from nonmuscle afferents.
The central origin of the extra force evoked by high-frequency trains has been recently questioned. Using high-frequency stimulation over soleus and tibialis muscles, Klakowicz et al. (33) have argued that high stimulation intensities could evoke extra forces under complete nerve blocks through peripheral mechanisms (i.e., at the muscle level). The absence of extra torque observed for all stimulation intensities tested in our experiment argues against this. One subject received a higher current intensity during the nerve blocks to evoke torques that matched those under the control condition, and this still failed to induce extra torque. Hence, the present data adds support to the central origin of the observed extra torques found in the upper limb muscles.
Possible physiological mechanisms responsible for the sustained motoneuron activation. High-frequency trains have been hypothesized to trigger enhanced force of central origin through the activation of motoneuron plateau potentials by positive feedback of Ia afferents on the motoneurons. This mechanism has been postulated because the phenomenon can be abolished in the lower limb by proximal nerve block (8, 9) . However, the most compelling evidence of the likely involvement of motoneuron plateau potentials during high-frequency trains comes from the presence of extra torque observed in the lower limb muscles of some patients with clinically complete spinal cord injury at the thoracic level (41) . Both the biceps brachii and FPL muscles showed behavior previously attributed to the development of motoneurons plateau potentials: 1) development of extra torque for stimulation intensities below motor threshold, and 2) persisting torque after the termination of stimulation. However, we did not test patients with high cervical spinal cord lesions in the present study.
Apart from the high-frequency muscle stimulation technique, motoneuron plateau potentials in humans have been investigated indirectly using paired motor unit recordings by comparison of the firing rate of a test unit to that of a lower threshold motor unit (16 -18, 31 ). This technique is based on the assumption that 1) synaptic currents can be estimated by the instantaneous firing frequency of a low-threshold motor Fig. 6 . Comparison between muscles for the torque increases after highfrequency trains (100-Hz burst and triangle) for all stimulation levels. A: mean responses (Ϯ SE, n ϭ 9) to the high-frequency trains in the FPL muscle (F, 100-Hz burst, E, triangle trains). B: mean responses (Ϯ SE, n ϭ 9) to the high-frequency trains in the biceps muscle. Note the similar behavior observed for both muscles. unit and 2) the pair of motor units receives common inputs. Despite the simplicity of this method, it has limitations relevant to our paradigm that prevented us from using this technique. There can be saturation in firing frequency of human motor units (13) , and there is smaller amplification (36) and larger current leakage in high-threshold motoneurons (compared with low-threshold ones) during plateau potentials (21) . Muscle stimulation at 20 Hz presumably elicits ionotropic synaptic currents that are influenced by plateau potentials (21) in spinal motoneurons and interneurones. The total synaptic current from stretch-related afferents is larger in smaller motoneurons, and, for the same level of stretch-activated input, the firing frequency is larger in small than large motoneurons (36) . If a motoneuron plateau potential was present, the gain shift in the input-output characteristic of the motoneuron would increase firing frequency depending on motoneuron size, and the result could be indistinguishable from increased synaptic input.
Other factors could contribute to the observed behavior. First, the present results raise the possibility that the enhanced forced observed here could be of cortical origin. In fact, the FPL possesses well-developed transcortical reflex loops (28, 37) , and facilitation of long-latency reflexes has been observed following electrical stimulation over the motor point (2) . Such facilitation of transcortical reflex loops could play a role in the development of the extra forces of central origin observed here. Second, norepinephrine release from the muscle sympathetic fibres is one factor facilitating the active transport of Na ϩ -K ϩ that alters the excitability of the muscle fibre membrane (e.g., Refs. 34, 39) . This mechanism might explain some muscle potentiation with high-frequency trains and its abolition after nerve blocks. However, muscle potentiation or catchlike properties in skeletal muscle fibers (4, 5, 10) alone cannot be responsible for the large displacement of the torque-frequency relationship induced by the high-frequency trains (much larger than for the isolated muscle; Ref. 6 ) and the residual torques observed after the end of the trains.
In the present experiment, we performed combined blocks of the median and radial nerves in only two subjects. Nevertheless, the results of these experiments were definitive: a complete disappearance of the enhanced forces was observed in the FPL for both subjects at all stimulation intensities tested. The stimulation trains evoked higher torque production before compared with after the nerve blocks through most of the stimulation trains (Fig. 4) . This indicates that some torques of central origin can be triggered with stimulation frequencies as low as 20 Hz. The neural blocks yielded an unexpected observation: the torque observed after the high-frequency trains was smaller than that observed before. This observation is inconsistent with data from isolated muscles and previous neural blocks that showed minimal force increments after the high-frequency trains (6, 8, 9) . This decline in force after the high-frequency trains cannot be attributed to voluntary activation of the antagonist muscles because these were also completly blocked. A more likely explanation would be related to a possible fatigue of the motor units, despite the brevity of the trains.
A possible limitation of the present protocol is that innocuous intensities of electrical stimulation were used to trigger the extra torque. It remains unclear whether similar behavior would be observed at higher current intensities, which activate nociceptors. There are nonuniform nociceptive reflexes across the motoneuron pool in human upper limb muscles (see 38).
Furthermore, there must be a trade-off between evoking additional extra force through direct stimulation of motor axons and a reduction in force due to antidromic collision in motor axons. Another limitation relates to the difficulty to isolate FPL contraction with surface stimulation electrodes. Despite this limitation, the present apparatus was specifically designed to isolate the forces produced by the thumb so that the forces recorded at the thumb were independent of forces produced by the fingers due to the orthogonal direction of the thumb and finger force vectors.
Clinical implication and role of the enhanced force in muscle involved in fine motor control. The present results suggest that enhanced forces of central origin can be evoked in the upper limb muscles of awake humans using high-frequency electrical stimuli. Irrespective of the exact mechanism, this finding has important practical implications for functional electrical stimulation (FES) in patient populations. Although there are potential benefits from low-frequency FES in the upper limb after spinal cord injury, the benefits do not occur in all patients, due to an inability to achieve high muscle power and due to fatigue of any evoked forces (7, 20) . Because the long-pulse-width, high-frequency stimulation trains elicit the enhanced forces via afferent mediated stimulation of motoneurons, they have the advantage of potentially activating the motoneurons according to the size principle (23, 24) . This contrasts with the traditional activation of the motor axons, which preferentially activate the larger motoneurons (e.g., Refs. 12, 25) .
The development of extra force in upper limb muscles may seem counterproductive with respect to the role of these muscles in fine motor control. Indeed, the higher forces developed following high-frequency trains may interfere with the fine control of the hand musculature required for the manipulation of objects. The presence of enhanced forces of central origin in a skeletal muscle involved in fine motor control (FPL) may support the view that plateau potentials are not limited to the control of the lower limb motoneurons for locomotion or posture. Instead, it would argue that they are available to the central nervous system for fine motor tasks involving the thumb, although a precise regulation of the onset and offset of this behavior would be required to ensure proper fine control of the hand musculature. One possible important role of such sustained hand muscular activity could be for the maintenance of a particular hand posture for a prolonged period (e.g., holding a glass of wine stable in space with the hand). 
